Interstitial deletions of 6q are rare. We report a detailed clinical and molecular characterization of four patients with interstitial deletion involving 6q25. All of our patients presented with microcephaly, developmental delay, dysmorphic features and hearing loss, whereas two of them had agenesis of the corpus callosum. We determined the size, extent and genomic content of the deletions using high-density array-comparative genomic hybridization (a-CGH), and found that a common segment spanning 3.52 Mb within the 6q25.2 -q25.3 region was deleted in all four cases. We hypothesize that a subset of genes in the commonly deleted region are dosage sensitive and that haploinsufficieny of these genes impairs normal development of the brain and hearing.
Introduction
Since the first reported case in 1975, 1 over 65 cases of deletions involving the long arm of chromosome 6 have been reported. 2 -7 Though the clinical phenotype is quite variable, Hopkin et al 2 attempted to correlate the phenotype with genotype, by dividing patients into three groups. Those in Group A with del(6)(q11q16) had a high incidence of hernias, up-slanting palpebral fissures, thin lips, a lower frequency of microcephaly, micrognathia and heart malformations. Patients categorized to Group B with del(6)(q15q25) had intrauterine growth retardation, abnormal respiration, hypertelorism and upper limb malformations, whereas those in group C with del(6)(q25) presented with retinal abnormalities, cleft palate and genital hypoplasia. However, there was significant overlap of features among the groups and some features such as developmental delay (100%), ear anomalies (90%), hypotonia (82%) and postnatal growth retardation (68%) were common to all groups. Hearing loss has been reported only in a minority of publications. 1, 2, 6, 8, 9 Most of the reported deletions were identified and characterized based on routine karyotyping with no further attempt to delineate the breakpoints. We determined the size, extent and genomic content of four cases involving interstitial deletion of 6q25. All four deletions have a common deleted segment in 6q25.2 -q25.3 with the smallest region of overlap (SRO) of 3.52 Mb. All of the patients presented with microcephaly, developmental delay, dysmorphic features and hearing loss. We hypothesize that a subset of genes deleted in the SRO are dosage sensitive and are important for CNS and hearing development.
Clinical reports

Patient 1
The proband is a male child born to nonconsanguineous Hispanic parents. Family history was negative for known chromosomal anomalies or birth defects. Pregnancy was uncomplicated and delivery was by Cesarean section that was performed for fetal distress. Birth weight was 3.6 kg (25th centile), whereas the length and FOC are not available. Apgar scores were 7 and 9 at 1 and 5 min, respectively. The perinatal period was characterized by feeding difficulties. At the 6-month examination, his motor development was that of a 3-month old. A peripheral G-banded karyotyping performed at 6 months was normal. When examined by a genetics consultant at 33 months of age, his FOC (46.2 cm) was at the 2nd centile (z-score À2.0), whereas the height (89.2 cm) and weight (13.1 kg) were at the 9th and 27th centile, respectively. Examination was remarkable for plagiocephaly, downslanting palpebral fissures, epicanthic folds, midface hypoplasia, low set ears, long philtrum and micrognathia ( Figure 1a) . He had global developmental delay; rolled over at 1 year, walked at 23 months and had only two words at 33 months. Audiology evaluation showed severe sensorineural hearing loss on the right. Brain imaging could not be performed.
Patient 2
This female child was born at 37 weeks of gestation to nonconsanguineous Caucasian parents. The mother had an abnormal triple screen and underwent amniocentesis that revealed a normal female chromosome constitution, 46,XX. Growth parameters at birth were remarkable for weight of 2.2 kg (0.3 centile, z-score À2.8) and FOC of 31 cm (0.1 centile, z-score À3.9), whereas length 48 cm (5th centile) was normal. Soon after birth, she had respiratory compromise requiring ventilation with the aid of bag and mask. The perinatal period was also complicated by subarachnoid hemorrhage that was managed medically without any surgical intervention. The proband had feeding difficulties until 3 months. Her medical problems also included two episodes of febrile seizures and hypotonia. At the 9-month evaluation, she was noted to have a bulbous nose, thin upper lip and a pit on the right helix ( Figure 1b) . Audiology evaluation revealed bilateral moderate-to-severe sensorineural hearing loss. MRI of the brain revealed plagiocephaly and no structural abnormalities of the brain. CT scan of the temporal bones showed normal cochlear structure. (Figure 2a 
Patient 3
The proband was born to nonconsanguineous Hispanic parents at 39 weeks of gestation by Cesarean section performed for nonprogression of labor. Family history was noncontributory. Pregnancy was uncomplicated; however, prenatal ultrasounds revealed the possibility of hydrocephalus and agenesis of the corpus callosum (ACC). Growth parameters at birth for weight (2.62 kg, 3rd centile) and FOC (32 cm; 0.1 centile, z-score of À3.0) were below normal, but the length (48 cm, 5th centile) was within normal limits. The perinatal period was complicated by feeding difficulties that mandated the placement of a feeding tube. Examination at 2 months of age revealed a FOC of 33 cm (0.1 centile, z-score of À5.0), length of 52 cm (0.5 centile, z-score À2.6) and a weight of 3.45 kg (0.3 centile, z-score À2.7). Dysmorphic features included low set and posteriorly rotated ears, midface hypoplasia, a high arched palate, bifid uvula, small hands with mild fifth finger clinodactyly and small feet. CT scan of the head at 2 months of age revealed the absence of corpus callosum with colpocephaly ( Figure 3b and c), a marked increase in the size of the lateral ventricles, and premature fusion of both lambdoid as well as the posterior aspect of the superior sagittal sutures giving rise to plagiocephaly. Auditory brainstem response (ABR) showed mild conductive loss in the left ear and a normal auditory acuity in the right ear. CT scan showed normal cochlear anatomy (Figure 2b and c). At the 10-month examination, her weight (5.38 kg, 0.1 centile, z-score À4.0), length (64 cm, 0.3 centile, z-score À2.7) and FOC (39.5, 0.1 centile, z-score À4.3) were well below the normal limits. She had significant delay and had not attained any motor or language milestones. Peripheral blood karyotyping performed elsewhere was reported as 46,XX,del(6)q25.2 -q25.3.
Patient 4
This male patient was born to a 30-year-old -gravida 2, para1 -woman with no significant medical history. The parents are nonconsanguineous, and family history was noncontributory. Pregnancy was uncomplicated until 31 weeks of gestational age when prenatal ultrasound revealed enlarged cerebral ventricles. The proband was born through vaginal delivery at 38 weeks of gestation. The growth parameters were remarkable for a weight of 2.8 kg (3rd centile), length of 47 cm (1.1 centile, z-score À2.3) and an FOC of 31 cm (0.4 centile, z-score À2.7). Apgar scores were 6 and 8 at 1 and 5 min, respectively. The perinatal period was unremarkable. At the 2-month examination, his FOC of 34.5 cm (0.1 centile, z-score À4.2) and length of 53 cm (0.1 centile, z-score À3.0) were well below the normal, whereas the weight (4.44 kg) was at the 3rd centile. Dysmorphic features including mild midface hypoplasia, low set posteriorly rotated ears with abnormal helices and high arched palate were evident ( Figure 1c ). The hands were held in a clenched position, but there were no overlapping fingers and palmar creases were normal. The lower limbs had a mild valgus deformity at the knee and rocker bottom feet. There was mild hypertonia in all four extremities with normal deep tendon reflexes. He had penoscrotal webbing that was surgically corrected with scrotoplasty at 6 months. Ophthalmological examination was abnormal and showed intermittent esotropia, lash ptosis and strabismic amblyopia that was treated with eye patching. MRI of the brain showed agenesis of corpus callosum with accompanying colpocephaly and a diffuse delay in myelination (Figure 3a) . ABR was consistent with a moderate-to-severe sensorineural hearing loss in both ears. The cochlear anatomy was unremarkable (Figure 2d ). Echocardiogram showed a fenestrated septum secundum ASD with minimal left-to-right shunting. At 10 months, he continued to be microcephalic with an FOC of 40.4 (0.1 centile, z-score À4.5), whereas his weight (8 kg) and length 
Material and methods
Human subjects
Following an initial result of the chromosome microarray analysis (CMA), 10 informed consent was obtained from the parents for further analysis by whole-genome array-based oligonucleotide comparative genomic hybridization (CGH). The research protocol was approved by the Institutional Review Board (IRB) for Baylor College of Medicine and affiliated hospitals.
Clinical chromosome microarray analysis CMA was initially performed on all four cases. The microarrays were designed and manufactured in the Medical Genetics Laboratory as described previously. 10 The procedures for DNA digestion, labeling and hybridization, as well as data analysis were performed as described previously.
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FISH analysis
Confirmatory FISH analyses with the BAC clones were performed using standard procedures. Briefly, the BAC clone of interest was grown in broth media with 20 mg/ml of chloramphenicol. DNA was extracted from bacterial artificial chromosome clones (Eppendorf Plasmid Mini Prep kit, Hamburg, Germany) and directly labeled with SpectrumOrangeTM dUTP by nick-translation (Vysis, Downer Grove, IL, USA) according to the manufacturers' instructions.
High-resolution oligonucleotide array
The Agilent 244K Whole Human Genome Oligo Microarray Kit (Agilent Technologies Inc., Santa Clara, CA, USA) contains 238 459 arrayed 60-mer oligonucleotides, representing a compiled view of the human genome at an average resolution of 6.4 kb. The procedures for DNA digestion, labeling and hybridization were performed according to the manufacturer's instructions with some modifications.
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Results
Clinical features
The clinical phenotype of the patients is shown in Table 1 . Microcephaly, developmental delay and dysmorphic features, such as hypertelorism, abnormal root of the nose, midface hypoplasia and ear abnormalities were common to all (Figure 1 ). Plagiocephaly and growth restriction were seen in three of the four patients. Moderate-to-severe sensorineural loss was found in patients 1, 2 and 4, whereas patient 3 had mild conductive hearing loss. ACC was seen in patients 3 and 4.
Clinical chromosome microarray analysis
We initially performed array-CGH (a-CGH) analysis on DNA extracted from blood leukocytes on the clinical microarray platform routinely used in our institution. The interrogating BAC clones deleted are shown in Table 2 .
High-resolution oligonucleotide array
To determine the precise size extent and genomic content of the deletions, the patient samples were analyzed using an Agilent 244K oligonucleotide array. The breakpoints are as depicted in Table 2 . The deletions varied in size from 3.77 to 13.81 Mb (Figure 4 ). The commonly deleted genomic interval (SRO) corresponds to chromosomal region 6q25.2 -25.3 and encompasses an area of 3.52 Mb that contains 15 genes mapping from TIAM2 (T-cell lymphoma invasion and metastasis 2) to TULP4 ( Figure 5 ).
Discussion
Interstitial deletions of the long arm of chromosome 6 are rare. 2 -7,14,15 We report and characterize four patients with de novo interstitial deletions of 6q, including two submicroscopic deletions. The deletions were of different sizes with the SRO (3.52 Mb) corresponding to the chromosomal segment 6q25.2 -q25.3. The clinical features of our cases were compared with four other cases with similar interstitial deletions that had breakpoints determined cytogenetically to map between 6q24 and 6q27 and encompassing the SRO of our cases (Table 1) . 4, 6, 14, 16 This approach may help further delineate the phenotype associated with the deletion of 6q25.2 -q25.3. The studies with terminal deletions of 6q with breakpoints at or distal to 6q24.3, the most proximal breakpoint of deletions in our cases, and containing the SRO seen in our cases are also summarized. 5,17 -21 Studies with 6q monosomy because of translocations, deletions with proximal breakpoints centromeric to 6q24 or those not deleted for the 6q25.2 -q25.3 were excluded from comparison. Developmental delay in varying degrees was found in all the cases across all the above-mentioned studies. Growth restriction was found only in two of our patients (patients 3 and 4), whereas it was observed more commonly in patients with larger, cytogenetically visible deletions. This discrepancy may be because of the fact that the extent of deletions in the other studies may have been underestimated by the limited genomic resolution of G-banding analysis. Most of the dysmorphic features seen in our patients were nonspecific and have been reported in other studies as well ( Table 1 ). The shared specific findings in our Table 1 Clinical features observed in our cohort compared to those seen in studies with similar cytogenetically determined deletions 
Upslanting palpebral fissure
Abnormal auricles or pits
Nervous system
Developmental delay
Agenesis of corpus callosum
Retinal or eye abnormalities
Sacral and/or anorectal anomalies
The first four studies involve interstitial deletions around the SRO seen in our cases, whereas the others involve terminal deletions encompassing the SRO. + Denotes that a characteristic is present, À denotes the absence of the characteristic and NA implies that data were not available.
cases appear to be the association of microcephaly, ACC and hearing loss with deletion of the 6q25 region.
Microcephaly was present in all of our patients as well in all studies with interstitial or terminal deletions involving 6q25 except two cases. 2, 17 (Table 1 ). In the case of Hopkin et al, 2 the proband had macrocephaly because of hydrocephalus, whereas in Valtat et al, 17 the FOC was 1.5 SD below the mean. Pirola et al 16 reported a normal head circumference (50th centile) at 9 months of age in their case, but the birth FOC was 2 SD below the mean. ACC was seen in two of our patients (3 and 4), and has been reported in other 6q-deletion patients. 5, 6, 15, 16, 22 By comparing these studies, we delimited a critical region of 3.3 Mb for ACC ( Figure 6 ). This interval falls within the SRO of 3.52 Mb seen in our cases. However, there may be incomplete penetrance for this abnormality, as some cases with deletions of this critical region (eg, patient 2) have normal corpus callosal development. Hearing loss was seen in all of our patients. Hopkin et al 2 describe sensorineural hearing loss in one of their cases, whereas Sukumar et al 6 mention
that the hearing of one of the patients was abnormal, but do not provide results of objective testing. The other reports do not specifically mention the hearing evaluation. There are two known regions in the vicinity 6q25 that have been implicated in deafness. One locus at 6q26 -q27 identified by linkage analysis in a consanguineous family is associated with autosomal recessive congenital sensorineural deafness, whereas the other region at 6q23.2 harbors the EYA4 gene implicated in later onset of autosomal dominant hearing loss. 23, 24 Our data suggest that microcephaly, ACC and hearing loss seen in interstitial or terminal deletions involving 6q25 may map to a 3.52-Mb region at 6q25.2 -q25.3. This region harbors 12 protein-coding genes ( Figure 5) ; among them, the ones that may be pertinent to the clinical phenotype are TIAM2, NOX3 and SYNJ2.
TIAM2 encodes a guanine nucleotide exchange factor. A highly similar protein (Stef) is implicated in normal neural development in a murine model. 25 The pattern of expression of Stef in a stage and region-specific manner in the mouse brain corresponded to neuronal morphological changes. SYNJ2 is a phosphoinositol 5-phosphatase that is involved in vesicular trafficking and actin dynamics. In glioblastoma cell lines, SYNJ2 is implicated in the regulation of the formation of invadopodia and lamellipodia leading to tumor cell invasion and migration. 26 It is, however, not known whether SYNJ2 has a role in normal migration of neurons during development. It is tempting to hypothesize that TIAM2 and SYNJ2 may be involved in normal development of the brain and that haploinsufficieny of either or both causes microcephaly, ACC and developmental delay seen in 6q25.3 deletions. NOX3 is an NADPH oxidase that is implicated in normal development of otoconia in mice. 27 Homozygous mutations lead to lack of otoconia and significant vestibular 
TIAM2-SMOC2
The clinical chromosome microarray analysis was performed using either BAC-based 10, 11 or BAC-emulated oligo arrays. 13 The breakpoints and the deletion sizes were estimated by 244 oligonucleotide a-CGH. The genes in the deleted region were determined using the UCSC genome browser (March 2006 assembly).
Interstitial deletion of 6q25.2 -q25.3 SC Sreenath Nagamani et al dysfunction, whereas the heterozygous mice had normal auditory and vestibular functions. The other inner ear structures including the sensory epithelium and the hearing of the affected mice were normal. It is, however, possible that haploinsufficieny of NOX3 may have auditory as well as vestibular effects in humans. Genomic rearrangements describe mutational changes in the genome such as duplication, deletion, insertion and inversion that are different from the traditional WatsonCrick base pair alterations. Nonrecurrent genomic rearrangements can be mediated by nonhomologous end joining (NHEJ) 28 or fork stalling and template switching (FoSTeS). 29 Given that there was grouping of the proximal breakpoints in three of our patients (Figure 4 ), it is possible that an underlying genomic architecture important to the rearrangement is present in the vicinity of the deleted regions. In summary, interstitial deletions involving 6q25.2 -q25.3 described herein presented with microcephaly, ACC, developmental delay, hearing loss and dysmorphic features. The deletions can remain undetected by routine karyotyping techniques as evidenced by normal karyotyping results in two of our patients. We hence recommend a-CGH for diagnosis of such deletions. From a clinical standpoint, we suggest that MRI of the brain and a formal hearing evaluation should be considered in all patients with deletions involving 6q25.
